A signal-acquisition process using the fast Fourier transform algorithm enables parallel correlation based on the circularity of code sequences. If a bit transition exists in the received signal sample, the correlation peak does not represent the maximum value at the true Doppler shift. Although there has been some research to solve the bit-transition problem, an analysis of this research with a performance index does not exist. This paper analyzes and compares calculation time and the signal detection probability of two existing methods and a new method for single-period code acquisition. Simulation results indicate that although the zero-padding method shows the best performance based on signal detection probability, the calculation time of the new method is the fastest of the test methods.
Introduction
Signal-acquisition methods for new global navigation satellite system (GNSS) signal, including a modernized global positioning system (GPS) and Galileo, have been studied recently. New GNSS signals have many enhanced signal properties, such as data-bit rate, bit-error probability and double-signal structure using a pilot signal. Data-bit rates and secondary-code rates particularly affect the signalacquisition properties.
For the software GNSS receiver, in which there is growing interest for flexibility, a parallel-search acquisition using the fast Fourier transform (FFT) or matched filter 1) is preferred. [2] [3] [4] [5] [6] Among parallel-search methods, the signal-acquisition method using FFT is able to obtain entire correlation results in the code delay for a certain Doppler shift value. Time-domain correlation using FFT is based on the circularity of the code sequence. If a bit transition in the set of samples occurs, however, the circularity of the code sequence is distorted. In this case, the maximum correlation power does not indicate the cell of the code delay and Doppler shift of the incoming signal.
The conventional signal-acquisition method experiences two main problems for input data that include a bit transition. One is the reduction of the maximum correlation power. This reduction affects signal-detection probability, which is the most important property of acquisition availability. The other problem is that the maximum correlation peak is not acquired at the true Doppler shift. If the incoming signal data are not distorted by the bit transition, the shape of the cross-ambiguity function (CAF) envelope, 7) which is the correlation result between the incoming signal and estimated code/carrier replica, is a sinc function in the frequency domain when the code delay of the replica and the incoming signal are synchronized. The code delay and Doppler shift of the maximum peak cell are the signal-acquisition results. On the other hand, for the bit-transition case, the Doppler shift of the peak maximum does not correspond to the Doppler shift of the incoming signal.
The bit-transition effect has been studied for multipleperiod code integration. Several studies have investigated a block-processing acquisition. 3, 8, 9) One study 9) proposed their own pseudorandom code-acquisition approach for the satellite system and analyzed the effect of the error sources at long integration times, including the bit-transition effect. Another 10) analyzed several methods for weak signal acquisition and the effects of each method for code and Doppler offsets and data modulation. These acquisition methods Ó 2013 The Japan Society for Aeronautical and Space Sciences are useful for areas of weak signal acquisition, such as an indoor environment or satellite-orbit determination.
Recently, the speed of the signal-acquisition process has become an important factor to the end user and it will be more important in the near future as the number of satellite navigation signal sources increases. For fast acquisition, acquisition using a single-code correlation is more commonly implemented than multiple-period correlations.
GPS L1 coarse acquisition (C/A) code does not have secondary code and its data-bit duration is equal to 20 times the code period length. In C/A code acquisition, two consecutive datasets can be used. If a bit transition occurs in the first dataset, the next code period data must not have a bit transition. The dataset with a higher correlation peak power is consequently selected to resolve the data-bit-transition problem. 11) In contrast to the navigation-data bit of GPS L1 C/A, the data-bit duration of new GNSS signals such as GPS L2-CM and L5 is the same as the code-period length. 12, 13) Moreover, the code sequence of the Galileo system consists of tiered code in which a secondary-code sequence is used to modify successive repetitions of the primary code.
14) The NeumanHoffman code in GPS L5 is estimated for long integration times and the improvement of the algorithm performance in the presence of a low signal-to-noise ratio (SNR) is presented. [15] [16] [17] Studies in the literature are mainly focused on the sign of the data bit for multiple-code period integration and the power-degradation effect caused by the bit transition for the GPS signal.
The zero-padding method for a single-code period is described as one of the popular methods. 18, 19) Two-stage fine acquisition consisting of circular correlation and frequency analysis is applied. 20) Another studies 21, 22) are good examples that present the problem of sign transitions because of data or secondary-code chips and propose a modification of the two-dimensional (2-D) function evaluated in the cells of the search space.
As mentioned above, unlike the GPS L1 C/A signal, the bit transition of the new GNSS signal is a critical problem. Although there has been some research conducted to solve this problem, performance analyses between methods in the new GNSS environment do not exist. In this paper, we investigate methods in the literature and propose a new method from the fast signal acquisition viewpoint. We implement these methods for a single-period code acquisition and analyze the performance based on a performance index, such as detection probability and calculation time, which are the main factors in determining the signal acquisition time in software-defined radio (SDR). Since this paper is focused on a fast and unambiguous acquisition algorithm, the integration time to increase acquisition gain is set up as a onecode period. Therefore, studies of long integration time, such as noncoherent integration, are excluded. Dealing with weak signal acquisition is beyond the scope of this paper.
The paper is organized as follows. Section 2 sets out the notation and the signal model of GNSS signals. Section 3 presents the Doppler-ambiguity problem for the same code and bit rates. Section 4 describes signal-acquisition methods to solve the problem and a new method that is able to eliminate the ambiguity is proposed. In section 5, to test the performance of these methods, the computation time, signal detection probability and receiver operating characteristic (ROC) curve are analyzed using a high-fidelity Monte Carlo simulation.
Signal Model and Review of Signal Acquisition
In the software receiver, the acquisition process is performed using a block of data. If the number of samples in the integration time is L, the CAF is represented as follows. 23 )
If we assume that all signal sources of SIS satellite signals except for the i-th satellite and other noise sources are n t ðtÞ, the incoming signal is as follows.
Using these two equations, Eq. (1) is given by
where
and sinc ðxÞ ¼ sin ð%xÞ= ð%xÞ. RðÁ(Þ is the autocorrelation function of the PRN code and c i ðtÞ and n s represent cross correlation between noise and replica. This means that the correlation envelope in the frequency domain corresponds to a sinc function when the code replica is synchronized with the code sequence of the incoming signal.
Bit-Transition Problem
If the input data contain a bit transition, the correlation power is reduced and the acquisition result is no longer the same as the information in the incoming signal data because the frequency spectrum is suppressed. One study 11) referred to this unexpected result as carrier suppression. Another study shows the mathematical formulation of the acquisition-ambiguity function. 23 ) Figure 1 shows two incoming signals and a code replica. The code length of the signal is T and each incoming signal has a code sequence that starts at T=2. The upper incoming signal has a constant data bit and the lower incoming signal has a bit transition at the middle of the incoming signal samples. To match the input data, the code replica is changed against the input data. At each step, all input data samples are multiplied by the code replica, point-by-point. When the input data and code replica are synchronized, Á( becomes zero. At this moment, if the signs of the data bit or secondary code in the incoming signal data are the same, the correlation power is maximized. If not, the correlation power is close to the noise floor. If a bit transition occurs at the middle of the incoming signal, each correlation sum of A and B in Fig. 1 has an equal magnitude but opposite sign.
The correlation power is not always close to the noise floor if the bit transition occurs at the middle of the incoming signal data. Rather, this depends on the Doppler shift frequency. Figure 2 shows the correlation results between the code replica and a simulated GPS L1 C/A signal (( ¼ 1; 023=2 in the chip) without noise. The shape of the correlation function in the frequency domain is no longer a sinc function. It shows a split spectrum on the basis of the true Doppler-shift value. The envelope of the correlation function is not maximized at Á f ¼ 0. Instead, it has two correlation peaks at Á f ¼ 1;000 Hz. In addition, there is another unique characteristic. Despite the bit-transition case, a correlation peak only exists when Á( is zero. The mathematical expression is given by
If A i is a time-invariant constant, this equation can be approximated as
For the case that d i ðt À (Þ in the incoming signal changes at
If there is a bit transition in the incoming signal, i.e., d
Methods for Solving the Doppler-Ambiguity Problem
This paper discusses some methods in the literature and a new method to solve the Doppler-ambiguity problem caused by the bit transition. In this section, we focus on a method that can resolve the Doppler-ambiguity problem for a single-period data acquisition. 
Zero padding
When the code period is the same as the data-bit rate or secondary-code rate, as in modern GPS and Galileo signals, the length of the replica should be more than two code periods for a single-period zero-padding method. The replica of two periods consists of one period of code sequence and the rest of the buffer is padded using zeros. Two correlation peaks are expected from the correlation result.
18) The peak in the first half of the shift is the correlation result including a constant data bit d are the same sign, the power of the second peak is similar to that of the first peak. If they are not, the second peak is smaller than the first peak. Regardless of the data sign, the peak in the first half presents the correlation power of one code period signal. Integration gain with this method is expected, despite the use of the correlation of two periods. Therefore, this method has a disadvantage in calculation time compared with the integration gain of correlation.
Energy-based search space
Energy-based search space is based on the assumption that the local energy of the CAF envelope around the true Doppler shift is not changed regardless of whether a bit transition exists. 21, 22) It performs moving average (MA) filtering in a preassigned frequency bandwidth that spans the interval
The local-energy peak is maximized around the Doppler shift of the incoming signal ðÁ f % 0Þ. The formulation is as follows. 
Here, Á f bin is the frequency bin size and L e is the number of points used to evaluate the local energy around the point f f d . The only algorithm necessary is MA filtering because S
can be acquired from the result that is evaluated over all of the search space in the conventional maximum search. In addition, MA filtering averages the noise floor, thereby reducing the occurrence of false peaks in the integration bands outside the main lobe.
A new method-Bit-transition cancellation
In the bit-transition cancellation (BTC) method, two sets of the code replica are used. This method needs another modified code replica that has a bit transition at the middle of the code sequence, as shown in Fig. 4 . Figure 5 shows the operation of the BTC correlation. There are two correlation outputs, A and B, for a new correlation-out constitution. The upper correlation process corresponds to the conventional parallel-acquisition process using the FFT. After carrier wipe-off, the FFT is performed on the generated PRN codes to transform the baseband signal. Then, the transformed input signals and transformed complex conjugated codes are multiplied. The inverse FFT (IFFT) and integration are consequently performed for the correlation output (A). The lower correlation process consists of a similar structure to the upper correlation. However, it has an additional pulse with a duration that is half of the code period. The lower output (B) is the correlation with not only the carrier and code but also the bit-transition pulse. As a result, the bit-transition-free new correlation output is calculated by summation of the A and B correlation outputs. The result of the summation is then a new correlation power used for a new CAF 2-D function. This new CAF has the advantage that the correlation peak indicates the cell of the true Doppler shift and code delay and there is only one main lobe in the frequency domain.
The formulation of the new CAF envelope power is given by
where n s sum is the noise of the new CAF envelope and S nc BT ðÁ f Þ is the correlation envelope using a code replica that includes a bit transition, that is, 
where sgn ðtÞ is the sign function. 24) If a bit transition exists in the incoming signal at T 0 > 0 and d
Using Eqs. (10) and (12), the new CAF envelope power is represented as follows.
The new CAF envelope power has two sinc square functions for Á f and T 0 . Both sinc square functions are positive and their peaks are at Á f % 0. In addition, for all T 0 , the maximum values of the new CAF envelope power are located at the Doppler shift of the incoming signal. When T 0 is equal to ÀT d =2 and 0, the maximum values of S 2 sum ( (; f f d À Á are similar to that of the conventional CAF. In the case that T 0 is equal to ÀT d =2, the worst case for envelope power, the maximum value is approximately half that of the other cases. Table 1 summarizes the new CAFs according to the bit-transition position in the incoming signal and Fig. 6 shows, theoretically, the correlation power without noise when the code phase is aligned to the incoming signal. The maximum correlation values of the graphs decrease as T 0 is changed from 0 to ÀT d =4 and increase as
The tendency is symmetrical, with the sign of T 0 .
Performance Comparison
There are some important factors to consider when assessing signal-acquisition performance. One of the main factors is the mean calculation time. When a GNSS receiver turns on or a new satellite signal appears in space, the timeto-first-fix (TTFF) could provide an index of the level of the signal-acquisition technology. Another important factor is the signal-detection probability. If the detection probability of the GNSS receiver is low, the number of signal acquisition trials increases to track the signal. In that case, TTFF also soars. This paper tests zero-padding, energy-based MA filter and BTC methods capable of solving the ambiguity problem caused by a bit transition.
Mean calculation time
The acquisition time depends on the search strategies. Borio et al. 25) introduced three strategies: maximum, serial and hybrid. In the maximum search, the correlation function is evaluated over all of the values of Doppler shift and code delay. Then, the maximum of the CAF is decided. In a serial search, a cell-by-cell correlation function is evaluated. After each correlation power is obtained, it is immediately compared with the acquisition threshold. The hybrid search is a mixture of maximum and serial search. The correlation function is evaluated row-by-row or column-by-column. The acquisition process terminates as soon as the maximum in the current row exceeds the acquisition threshold. In this paper, maximum and hybrid searches are used for analyzing the mean calculation time except for the serial search. Instead, we have adopted the Doppler-assisted search. In many applications, such as assisted GPS 26) and collaborative tracking, 27) the receiver can obtain Doppler information from a nearby reference station to reduce the acquisition time. Although the Doppler information from the reference station is not exactly the same as the Doppler value for the user-receiver because of receiver clock drift, user dynamics and time delay, we assume that the Doppler information is within the boundary of the tracking lock capability for simplicity of analysis.
The calculation time can be varied by a calculation load reduction scheme for the acquisition process. The FFT algorithm, 28) block processing 29) and acquisition using cross correlation are some examples that can reduce the calculation time. In this paper, however, we use the conventional acquisition process using the basic FFT and IFFT block so that the methods that can resolve the Doppler-ambiguity problem are compared with each other by this algorithm alone. Table 1 . Bit-transition position vs. new CAF.
Bit-transition position
New cross-ambiguity function Figure 7 shows the calculation flow for the zero-padding method for a given Doppler shift. Since the zero-padding method test is software based, we have evaluated the stored carrier replica and conjugated FFT PRN code data in memory to reduce the repeated calculations. In addition, we ignored code/carrier replica load time because the time of the data load from memory is negligible compared with complex multiplication or the FFT/IFFT calculation.
Zero-padding method
For a Doppler-shift value, the following calculations are needed for the acquisition process: -T MUL ðLÞ: L complex multiplication -T FFT ðLÞ, T IFFT ðLÞ: L size FFT and IFFT -T POW ðLÞ: L magnitude square calculation I 2 þ Q 2 À Á . Therefore, from Fig. 7 , the calculation time for the zeropadding method for a single Doppler value is given by
If the size of the Doppler search bin is N Bin , the calculation time for the maximum search is given by
Since the Doppler value of the incoming signal is a random variable and its distribution is uniform, the calculation time for the hybrid search is expected to be half the time for the maximum search, on average:
The calculation time for the Doppler-assisted search is the same as the case for a single Doppler value.
Energy-based search method
For a Doppler-shift value, the following calculations are also needed for the energy-based search acquisition process as shown in Fig. 8 . -T MA ðLÞ: L Â ð2L e þ 1Þ moving average.
For the maximum search, the energy-based method needs MA filtering. The calculation time for the energy-based method for maximum search is given by
The calculation time for the hybrid search does not correspond to half the time of the maximum search because of the integration band, which spans the interval
If we assume that the Doppler-search bin increases only from the minimum of the Doppler search area, the calculation time for the hybrid search is approximated by
For the Doppler-assisted search, the integration band is also needed
5.1.3. Bit-transition-cancellation search method As summarized in Table 1 , for the new BTC search method null to null bandwidth of the correlation power function in the frequency axis increases to double that of zero-padding and energy-based search methods. Therefore, we can expand the Doppler-search bin size without degradation of the expected correlation power from the Doppler estimate error. Figure 9 illustrates the Doppler-search bin size expansion. In the left plot of Fig. 9 , the Doppler-search bin size is 330 Hz and the maximum Doppler estimate error is 165 Hz. For the worst case, if the true Doppler exists in the middle of the frequency search point, there is approximately 20% degradation for the correlation power. For new BTC plot, however, approximately 20% degradation of the correlation power happens when the Doppler estimate error is 330 Hz because of the gradual slope. Therefore, the performance of the correlation power degradation because of the residual Doppler offset is not changed. If we double the search bin size, the mean calculation time becomes half. The calculation time for the BTC method for the maximum search is given by Fig. 7 . Calculation process for the zero-padding method.
-T SUM ðLÞ: L complex summation The calculation times of the hybrid and Doppler-assisted searches can be estimated by
Simulation results
To compare the calculation times of the methods, we have measured the mean calculation time of a MATLAB version. The processing time of the MATLAB program on a computer varies depending on the hardware/OS environment and factors such as memory size, cache size, CPU clock, background processes, hardware controller and so on. Therefore, we assume that the average of many Monte Carlo simulation results tested on the same computer corresponds to the mean calculation time of each method. The simulation has been evaluated with the parameters reported in Table 2 .
We have adopted the 'profile function' in the MATLAB toolbox to measure the calculation time. 30) This function shows the number and time of execution. Each signalacquisition method is implemented in the SDR MATLAB version developed by SNUGL.
31)
The first simulation is the calculation time for each operation. The results represent a single operation with respect to data length ðL; 2LÞ. As shown in Fig. 10 , FFT and IFFT functions from the MATLAB toolbox require calculation time almost 20 times that of other operations, multiplication or summation.
The second simulation is the mean acquisition time as shown in Figs. 11-13 . In the maximum search, the zeropadding method takes twice as long as the energy-based method because the correlation data are twice as long as the code ð2LÞ. Although the energy-based searches need an additional averaging process, the increment in complexity because of MA filtering is approximately 4% of the calculation time for the evaluation of a single CAF envelope. 22) The acquisition time for the BTC method is the shortest because of the double Doppler bin size. In this simulation, the mean calculation time of the BTC method is better than that of the conventional maximum likelihood method.
For the Doppler-assisted search, while the mean acquisition times of the zero-padding and BTC methods correspond to the calculation time of a single Doppler search cell, the time for the energy-based search method is 2 Â L e þ 1 as much as the time of a single Doppler cell because of the Doppler average in Fig. 13 . For all acquisition strategies, it is worth noting that the simulation results for the new BTC method proposed in this paper show the best mean calculation times. 
Signal-detection probability
The signal-detection probability is the detection probability when a signal source in the incoming signal exists with noise. It can be calculated using the probability distribution of the correlation between the signal with noise and the replica.
32) The detection probability is the cumulative distribution function of the probability distribution function (PDF) above the signal acquisition threshold.
Statistical models
For the simplest detection hypothesis of signal-detection theory, we have adopted the binary hypothesis test.
33) The hypothesis termed the null hypothesis H 0 means that the PRN code of the SIS corresponds to a satellite not in view. The other is the alternative hypothesis H 1 , which implies the code and Doppler shift align with the incoming signal. Under the alternative hypothesis H 1 , the probability of correct detection on a single cell is given by
where f rjH 1 ðzjH 1 Þ is the PDF of the envelope in the presence of the signal, r is the observation vector and V t is a preassigned threshold from an a priori statistical distribution. Using the maximum search, the signal-detection probability for searching over all of the search cells can be written as 25) 
where N is the number of search bins and P fa is the false alarm probability under the null hypothesis H 0 . If P fa is small enough and N is large, Eq. (25) reduces to
The determination of P D and P fa needs knowledge of the statistical distributions under H 0 and H 1 , respectively. When the sampling time is T s (t ¼ nT s , n is an integer), a continuous signal model in Eq. (2) can be changed to the next expression in the discrete model
For conventional maximum-likelihood detection of signals coherently integrated over a single period, the probability of a false alarm Eq. (24) is then given by 10)
where ' 2 is the variance of the noise. Under H 1 , the signal-detection probability P D is given by 25) 
where u ¼ AL=2 and Q 1 is the first-order Marcum Q-function.
24)
The BTC algorithm proposed in this paper corresponds to noncoherent integration of two coherently integrated correlation powers, as presented in section 4.3. The sum of two independent chi-square random variables with two degrees-of-freedom is itself a central chi-square random variable with four degrees-of-freedom. 34) Therefore, the PDF of the BTC method under H 0 is given by:
The probability of a false alarm, P fa , is then given by:
is the complementary incomplete Gamma function of order two. 24) Under H 1 , the PDF and P D are given by 
where Q 2 is the second-order Marcum Q-function and I 1 is the first-order Bessel function. 24) From Eq. (13), u BTC is given by
s is a power-loss factor that depends on the bit transition for the BTC method.
Simulation results
The correlation power in the acquisition process can be reduced by the estimation error even though C/N0 of the incoming signal is invariant. 9) For simplicity, however, we have ignored the estimation of errors such as code-offset error and Doppler-shift error of the cell grid size and the clock drift of the receiver except for the power degradation by the bit transition. In other words, this paper focuses on the bit-transition problem. The simulated code delay and Doppler shift have been exactly selected on the grid of the search space.
We assume that the noise is a Gaussian random variable. The simulation starts by generating the incoming signal as C/N0. The amplitude ðA i Þ changes with C/N0 but is invariant with time. The GPS C/A code is used for the code sequence and the predetermined integration time (PIT) is 1 ms. The iteration number is 5,000 for each C/N0 signal. The average window for MA filtering is AE800 Hz and the Doppler bin size is 200 Hz. Figures 14 and 15 show examples of the correlation distributions for each method in the absence of a bit transition in the input signal at 38.8 dB C/N0. Theoretical and simulated results are presented for conventional maximum-likelihood (ML) detection as a control group. The correlation power distribution for zero padding is similar to that for the conventional maximum-likelihood detection. For energy-based MA filtering, the mean of the correlation power distribution is smaller than those of the other methods. The detection probability, however, does not decrease because the variance of the noise power distribution is also smaller. Figure 16 shows the examples of the correlation distributions for each method in the presence of a bit transition in the input signal at 38.8 dB C/N0. Simulated results are presented for conventional maximum-likelihood (ML) detection as a control group. The correlation power distribution for zero padding is similar to that for the absence of a bit transition. However, the means of the correlation power distribution of all other methods are reduced more than those of a bit transition case. Figure 17 presents the detection-probability results for each method and various C/N0 values expected in the open-sky environment. In the absence of the bit transition for a single-period code input, the zero-padding method and the maximum-likelihood detection are similar and outperform the energy-based MA filtering, while the BTC method shows almost the same performance. The C/N0 loss of MA filtering and the BTC method are less than 3 dB compared with the zero-padding method. Figure 18 shows the detection probability when the incoming signal includes a bit transition. For the degradation by the bit transition, the bit-transition position in the incoming signal data is one of the parameters of the correlation power degradation, especially for the BTC method as given by Eq. (34) . In this paper, we assume that the bit-transition position in the incoming signal data is a random variable and follows a uniform distribution. The simulation result of the conventional ML detection in Fig. 18 shows C/N0 degradation and even ML detection cannot resolve the Doppler ambiguity. In contrast, the detection curves of other methods show similar results to those of the curve in the absence of the bit transition. However, the energy-based search and the BTC method present 1-2 dB degradation compared with the case of the absence of the bit transition.
ROC curve
As we stated, for a certain acquisition threshold, P fa and P D are determined using the correlation statistics as C/N0. With the signal-detection probability, the acquisition performance can be represented in terms of the ROC. 32) In contrast to the signal-detection probability, which shows the detection probability for a certain acquisition threshold according to C/N0 variation, the ROC shows the detection probability according to the acquisition thresholds.
In Fig. 19 , the ROC curves show the detection and false alarm probabilities in the presence of a bit transition in the incoming signal. In a similar result to the conditional signal-detection probabilities, the results of the ROC curves demonstrate that the zero-padding method shows better performance than the energy-based search and BTC methods.
Summary
This paper implements three Monte Carlo simulations, the mean calculation time, the conditional signal-detection probability and the ROC curve, to analyze the signal-acquisition performance of Doppler-ambiguity resolution methods. For the signal detection probability and ROC curve simulation, the zero-padding method shows the better performance. In the fast acquisition aspect, however, the BTC method shows the best performance in spite of the degradation of the detection probability. The comparisons are summarized in Table 3 .
In addition, the advantage of the calculation time affects the detection probability. If the BTC method uses twoperiod data as the zero-padding method as used in the Monte Carlo simulation and makes two independent acquisition trials for each period data, the signal detection probability changes to P D;2trials ¼ P D þ ð1 À P D ÞP D . In this case, the detection probability becomes approximately 0:9 þ ð1 À 0:9Þ Â 0:9 ¼ 0:99 for 40 dB Hz C/N0 and the acqui- sition threshold determined for 1% of the false alarm. Although two-period data are used, the mean calculation time of the BTC method is still about 30 ms faster than for the zero-padding method.
Conclusion
This paper presented and compared the characteristics and performances of acquisition methods to solve Doppler ambiguity caused by a bit transition. An incoming signal with a bit transition causes a correlation peak reduction; furthermore, its peak does not represent the Doppler shift of the incoming signal. Three methods to resolve the problem were presented. The BTC method proposed in this paper has the unique characteristic and advantages of the calculation time from the expansion of the Doppler search bin size.
To analyze the signal-acquisition performance of the Doppler-ambiguity resolution methods, this paper presented the mean calculation time, conditional signal-detection probability and ROC curve. The zero-padding method had the highest detection probability of the methods. The method using energy-based search space MA filtering had its merits because the additional complexity is small.
The BTC, a new method for solving the problem, has a simple structure and has the advantage of the fastest acquisition time of all acquisition strategies. The acquisition time of BTC was even less than half the time for the zero-padding method acquisition for maximum and hybrid search strategies. Although its detection probability performance was not the best, the performance degradation was less than 4 dB.
